Modern separation methods of particles are usually prepared by large equipments. In this study, microfluidic chips with backward-facing-step (BFS) microchannel structures and centrifugal force are used to extract particle-free fluid from physical samples at the branch. Numerical simulation and experimental studies were performed to investigate the effects of inlet Reynolds number (Re0), as well as the particle-free fluid outlet Reynolds number (Re1), on the minimum radius of particles (R) that can be excluded from the particle-free fluid outlet channel. The fraction of the volumetric flow rate of particle-free extraction α (=extraction flow rate/inlet flow rate) was also obtained to evaluate the efficiency of particle-free extraction. Based on the numerical and experimental results, it is found that the design with 90 o elbow inlet channel has a better performance than straight inlet channel. In this experiment, 1.0 µm radius of particles can be successfully separated from the fluid, and the volumetric fraction of the extraction flow rate was approximately 1.8% when inlet and outlet Reynolds numbers are 90 and 3.0 respectively.
Introduction
Recently, many types of microfluidic chips are designed to extract particles-free fluid from physical sample, like plasma from whole blood, on-chip. The size-exclusion effect, i.e. filtration, resulting from the microstructures in the microfluidic devices, is used to retard cell movement, thereby allowing the collection of the liquid portion of the sample. The filter structures described in the literature included comb-type, weir-type and membrane-type 1 . However, the efficacy of filter structures could be reduced due to the extreme deformability of erythrocytes. The pore size required to achieve retention of erythrocytes is on the order of 1µm 2 , and consequently poses a manufacturing challenge. Furthermore, there are high flow resistance, low flow rate and clogging in filter-type microfluidic devices. Therefore, the most simple approach is to design microfluidic channels for separating blood cells from plasma [3] [4] [5] . The hydrodynamic mechanisms employed in these microfluidic chips are usually the bifurcation law, or plasma-skimming effect 6, 7 , and centrifugal force induced by microchannel design. The present study proposed a design of microfluidic chips for extracting cell-free plasma from a sample of whole blood based on the concept of hydrodynamic filtration 8 . The backward facing step structure with straight or bending inlet channel is designed to enhance the efficiency of cell-free plasma extraction. Two microfluidic channel structure designs are investigated numerically and experimemtally. Simulations using CFD-ACE TM (ESI CFD, Inc., France) are performed. The finite volume method and three-dimensional structured grids are employed to calculate the pressure and velocity fields in the microfluidic blood-plasma separation chip to evaluate the effects of the structures in extracting cell-free plasma.
Design of Microfluidic Channels
The backward facing step (BFS) microchannel structure was employed to separate plasma and blood cells in the present study. The structure could induce flow separation effects along a dividing streamline. The inertia of the particles is expected to keep the particles from the recirculation region of the main channel after the branch point and therefore, the particles would be excluded from side channel. The basic principle of this system is illustrated in Fig. 1 . The inlet flowrate is Q 0 , the flowrate of the side channel is Q 1 and that of the main channel is Q 2 . The dash lines represent the dividing streamline which is the virtual boundary of flow distributed into side and main channels. The distributed flowrate into the side channel (Q 1 ) could contain no if the particle size is larger than the minimum radius of particles (R) that can be excluded from the side channel, as illustrated in Fig. 1 . Assuming a velocity profile is shown in Fig. 1 , the volumetric flowrate ratio of flow into the side and main channel can be expressed as s 1 :
, where α is the ratio of the flowrate in the side channel (Q 1 ) and inlet flowrate (Q 0 ). The virtual boundaries (dashed lines) obtained by the simulated streamlines, which extended from the edge of the plasma outlet to the inlet, were used to determine the minimum radius (R) of particles that can be excluded from the side channel. Smaller values of R mean that smaller particles can be filtered by the BFS microchannel. Higher values of α imply a higher efficiency of plasma extraction. Fig. 1 . Schematic illustration of the principle of particle-free fluid extraction from physical sample. The distributed flow rate divides into the side channel (Q1) and main channel (Q2). The dash lines represent the virtual boundaries of the flow distributed into the side and main channels, and are used to determine the minimum radius (R) of particles which can be excluded from the side channel and fraction of the volumetric flow rate (α). bending elbow inlet and BFS channels. The elbow inlet microchannel was employed in Type II to induce secondary flow. The main channel inlet width is 100 µm, the side channel width is 40 µm and outlet width is 204 µm. Moreover, the channel height must greater than the diameter of bioparticles to avoid cell attachment at the channel surface in clinical applications; therefore the channel height was set for 40 µm in this study. The radius of curvature for the bending microchannel in Type II is r=455 µm, with the equivalent straight inlet channel length of 0.7147 mm as Type I.
(a) (b) Fig. 2 . Layouts of the two proposed designs for the microchannel structure. (a) Type I is design with straight inlet and BFS channel; (b) Type II is design with bending inlet and BFS channel. (A=100 µm; B=40 µm; C=204 µm; D=50 µm; depth of the microchannel is 40 µm).
Results and Discussions
Two microchannel structure designs were investigated in the present work. Type I was the conventional backward facing step structure and a bent microchannel was included to induce secondary flow in Type II. Figure 3 shows the minimum radii (R) of particles which can be excluded from the side channel at different inlet Reynolds numbers (Re 0 ) when outlet Reynolds number (Re 1 ) is 2.5 or 3. The values of R decreased as Re 0 increased for both Type I and Type II design. Fig. 3 indicated that Type II, the designs with the bending inlet channel, yielded lower values of R than Type I for the same operation condition. One can find that Re 0 and Re 1 equals 90 and 3.0 for Type II design if the critical value of R was set as 1.0 µm, the radius of platelets, which are the smallest cell in whole blood samples. The minimum radii (R) of particles versus the fractions of the volumetric flowrate (α) obtained by three-dimensional simulations for Type I and Type II designs were shown in Fig. 4 . Fig. 4 indicated that the design of the bending inlet channels could significantly increase the values of α for the same R, therefore, the efficiency of the extraction of cell-free plasma from whole blood could be enhanced. In this result, one can find that the fractions of the volumetric flowrate (α) for Type II design is about 1.8% if R is set at 1.0 µm. The experimental studies were also implemented to demonstration the feasibility of the microfluidic chips for the plasma extraction. The microfluidic devices of Type I and II were fabricated in-house, using standard photolithography techniques. The mold master was fabricated by spinning SU8-50 (MicroChem Corp. Newton, MA, USA) on the silicon wafer to define the micrchannels. The polydimethylsiloxane (PDMS) prepolymer mixture (Sylgard-184 Silicone Elastomer Kit, Dow Corning, Midland, MI, USA) was poured and cured on the mold master to replicate the patterned structures. It was bonded with the glass substrate after treatment of the oxygen plasma in the O2 plasma cleaner. The fluorescent latex beads (AlignFlow TM plus beads, Molecular Probes) with radius of 3.0 µm were first injected into the microchannels while the Reynolds numbers of the inlet and plasma outlet equal Re 0 =50 and Re 1 =3. The snapshots of particle trace images in the microchannels of Type I and II were illustrated in Figs. 5(a) and 5(b). The experimental results depicted clearly that long time exposure of the particle (3.0 µm radius) traces do not enter the side channel of Type II; however, the beads could flow into the side channel of Type I. The fluorescent particles are excluded from side channel of Type II successfully. According to the numerical prediction in Fig. 4 , the particles with 3.0 µm in radius could be excluded from the side channel of Type II, rather than that of Type I for Re 0 =50 and Re 1 =3. The experimental results agreed with the numerical predictions well in the present study. 
Conclusions
The present study involved the design of microfluidic chips with different microchannel structures, utilizing backward facing step geometry and centrifugal force to extract the particle-free fluid from physical samples at the branch of a microchannel for further assay. Three-dimensional simulations were numerically performed to analyze the effects of inlet velocity and the structures of the microchannel on the flow field and back-flow in the microchannel, as well as the efficiency of separation and volumetric fraction of flowrate of plasma extraction. The minimum radius (R) of particles that can be excluded from the side channel, and the fraction of the volumetric flowrate (α), were obtained to evaluate the efficiency of plasma extraction. The goal of the optimum design is to achieve the lowest value of R and highest value of α. The design of bending inlet channels could significantly reduce the values of R and enlarged the value of α. Type II, with bending channels, was proven to be the better design that Type I by both numerical and experimental studies. It is also found that the value of R obtained could be less than the critical value (set as 1 µm because of the radius of platelets) and the volumetric fraction of extraction flowrate was approximately 1.8%. Experimental verification of these data is also presented in this work.
